Chin A, Svejda B, Gustafsson BI, Granlund AB, Sandvik AK, Timberlake A, Sumpio B, Pfragner R, Modlin IM, Kidd M. The role of mechanical forces and adenosine in the regulation of intestinal enterochromaffin cell serotonin secretion. Am J Physiol Gastrointest Liver Physiol 302: G397-G405, 2012. First published October 28, 2011 doi:10.1152/ajpgi.00087.2011 cells of the diffuse neuroendocrine cell system secrete serotonin (5-HT) with activation of gut motility, secretion, and pain. These cells express adenosine (ADORA) receptors and are considered to function as mechanosensors. Physiological pathways mediating mechanosensitivity and adenosine responsiveness remain to be fully elucidated, as do their roles in inflammatory bowel disease (IBD) and neoplasia. Pure (98 -99%) FACS-sorted normal and IBD human EC cells and neoplastic EC cells (KRJ-I) were studied. IBD-EC cells and KRJ-I overexpressed ADORA2B. NECA, a general ADORA receptor agonist, stimulated, whereas the A2B receptor antagonist MRS1754 inhibited, 5-HT release (EC50 ϭ 1.8 ϫ 10 Ϫ6 M; IC50 ϭ 3.7 ϫ 10 Ϫ8 M), which was associated with corresponding alterations in intracellular cAMP levels and pCREB (Ser133). Mechanical stimulation using a rhythmic flex model induced transcription and activation of Tph1 (tryptophan hydroxylase) and VMAT1 (vesicular monoamine transporter 1) and the release of 5-HT, which could be inhibited by MRS1754 and amplified by NECA. Secretion was also inhibited by H-89 (PKA inhibitor) while Tph1 and VMAT1 transcription was regulated by PKA/MAPK and PI3K-mediated signaling. Normal and IBD-EC cells also responded to NECA and mechanical stimulation with PKA activation, cAMP production, and 5-HT release, effects reversible by MRS1754. EC cells express stimulatory ADORA2B, and rhythmic stretch induces A2B activation, PKA/MAPK/IP3-dependent transcription, and PKA-dependent secretion of 5-HT synthesis and secretion. Receptor expression is amplified in IBD and neoplasia, and 5-HT release is increased. Determination of factors that regulate EC cell function are necessary for understanding its role as a mechanosensory cell and to facilitate the development of agents that can selectively target cell function in EC cell-associated disease.
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adenosine; Crohn's disease; enterochromaffin cell; serotonin THE ENTEROCHROMAFFIN (EC) cell is the most numerous neuroendocrine cell in the epithelia lining the lumen of the gastrointestinal (GI) tract. These cells play a key role in the regulation of gut secretion, motility, pain, and nausea through paracrine regulation of neighboring mucosal cells and activation of intrinsic primary afferent neurons (IPANs) of the enteric nervous system (ENS) and the central nervous system (CNS) via vagal afferents (18) . The monoamine neurotransmitter serotonin [5-hydroxytryptamine (5-HT)] has proven central in EC cell regulatory function, and these cells synthesize, store, and release the vast majority (95%) of the body's store of this amine (18) . EC cells function as "taste buds of the gut" and represent sensory transducers responding to mechanical events, luminal acidification, or nutrients such as glucose and short-chain fatty acids, bile salt, tastants, and olfactants (6, 15, 22-24, 31, 42, 47) . In addition, EC cell secretion can also be activated by more diffuse inputs including neural, bacterial, and immunological inputs (8, 19) . Specifically, inflammation and the development of inflammatory bowel diseases (IBD) is associated with altered EC cell 5-HT release (19, 28) .
The intestinal epithelium undergoes repetitive stretching and contraction during peristalsis and is also subjected to strain during villus shortening that accompanies mucosal repair (3) . Since the EC cell contains sensory elements that are activated by stretch or mechanical forces, these effects should mediate a biological response (4) . Deformation of the intestinal mucosa in vivo reflects a complex pattern of ring and sleeve contractions occurring at different frequencies and rhythms. Ring contractions have been observed to occur at an average frequency ranging from 7 contractions/min in the ileum to 12 contractions/min in the duodenum (39) . Half a century ago, Bulbring in 1959 reported that pressure applied to the mucosal epithelium induces 5-HT release (6) . More recently, this observation has been confirmed by demonstration that EC cells respond with 5-HT release upon mechanical stimulation (41) and that local reflex contractions of the gut circular muscle are strongly correlated with 5-HT release (4). This effect was caused primarily by the contraction of the smooth muscle and subsequent deformation of the mucosa, supporting the notion that the EC cell is a site of convergence for mechanical forces (e.g., deformation, shear, tension) that contribute to the release of 5-HT during motor reflexes (4) . However, it is unclear what mechanisms regulate this biological response and whether this is increased in EC cell-associated diseases, e.g., Crohn's disease, colitis, or carcinoids.
Adenosine triphosphate (ATP) and its metabolic products, including adenosine diphosphate (ADP) and adenosine, are released in response to mechanical forces and play a prominent role in the mechanosensory signaling of intestinal cells (34) . There exists four classes of purinoreceptors: P1, which includes the high-affinity adenosine receptors (ADORA) A1 and A2A and the low-affinity receptors A2B and A3; P2, which includes P2X/ligand-gated ion channels; P3; and P4 (34) . Endogenous adenosine can activate inhibitory A3/A1 receptorG␣q/PLC/IP3-Ca 2ϩ and excitatory A2A/A2B receptor-AC/ cAMP signaling pathways in pancreatic BON cells to regulate amine release (34) . Adenosine itself is upregulated in inflammatory conditions (35) , and ADORA receptors seem to be differently regulated in IBD mucosa (1, 35, 43) . Targeting ADORAs is associated with modulating epithelial or immune function (14, 35) . Little, however, is known about the effects of strain and adenosine on transcription and secretory pathways in normal and inflammation-targeted EC cells as well as in transformed EC cells (carcinoids). EC cells comprise only ϳ0.5-1% of the mucosal cells in the small bowel, and a technique to isolate EC cells to high purity has recently been described (29, 38) . Additionally, only one well characterized neoplastic human cell line derived from an EC cell exists (38, 45) . This cell line, KRJ-I, demonstrates similar signaling pathways, enzyme activity, and secretory products (e.g., 5-HT) as the normal EC cell (30, 38) , and this, coupled with similar responsiveness to neural and luminal agents (31, 38) , indicates this cell line represents a good model to study EC cell function in vitro.
To test the effects of mechanical forces in vitro, a technique has been developed to model the repetitive deformation of an intestinal epithelial monolayer. Cells are cultured on flexiblebottomed wells and are subjected to rhythmic deformation (10 cycles/min, with an average strain of 10%) that is considered to be within physiological ranges during gut peristalsis (3). Although rotational shaking at Ͼ100 cycles/min has been studied (34), the physiological relevance of this model is unclear.
In the present study, we hypothesized that strain (via adenosine) modulates the activation of EC cell ADORA receptors to mediate EC cell 5-HT synthesis, secretion, and transcription, principally through PKA/cAMP and MAPK signaling pathways. We first examined the ADORA receptor profile in normal EC cells, EC cells isolated from Crohn's disease, and the KRJ-I cell line and then delineated the signaling pathways associated with adenosine and mechanical (rhythmic flex) forces focusing on ADORA2B. Thereafter, we examined signaling and secretion in isolated normal and IBD-EC cells and confirmed adenosine/ADORA2B were involved in regulating secretory responses to mechanical stimulation.
MATERIALS AND METHODS
Compounds. 5=-(N-ethylcarboxamido) adenosine (NECA) (SigmaAldrich, St. Louis, MO) is a general adenosine receptor agonist, SCH442416 (Tocris Bioscience) is a selective A2A antagonist, and MRS1754 hydrate (Sigma) is a specific A2B receptor antagonist. The PKA inhibitor H-89, the cAMP inhibitor 2=,5=-dideoxyadenosine (2=,5=,-dd-Ado), the MEK1 inhibitor PD98059, and the PI 3K inhibitor Wortmannin (all Sigma) were used to study activation of intracellular pathways. Compounds were dissolved in DMSO, and dilutions were made in Ham's F-12 medium (GIBCO).
Tissue samples. Tissue was collected from 15 patients (eight men, seven women; median age [range] ϭ 51 yr [29 -67 yr] ). Crohn's tissue (n ϭ 8) was obtained from patients who had undergone hemior colectomies for Crohn's ileitis (n ϭ 2) or colitis (n ϭ 6). Only grossly affected tissue was studied. Macroscopically "normal" tissue was obtained from patients undergoing surgery for diverticulitis (n ϭ 3) or hemicolectomies for colon cancer (colon, n ϭ 4). All tissue was collected between 2008 and 2010 at the Yale University Department of Surgery. The institutional review board has designated this as nonhuman subjects research.
Normal and IBD-EC cell isolation. Crohn's disease (n ϭ 8) and normal colon (n ϭ 7) mucosa were used for the isolation and study of short-term cultured EC cells (28, 31) . EC cells were isolated from the colon following mucosal stripping and enzymatic digestion using a combination of Nycodenz gradient fractionation and acridine orange uptake, and cell FACS were sorted as described (38) . In previous studies, we obtained preparations of Ͼ98% pure EC cells (28, 31, 38) . Approximately 1 ϫ 10 6 cells were obtained per mucosal sample, a quantity sufficient for real-time PCR, short-term culture and mechanical strain and secretion studies (28, 31, 38) .
KRJ-I cell culture. KRJ-I cells were cultured in Ham's F-12 media supplemented with 10% fetal calf serum, penicillin (100 U/ml), and streptomycin (100 mg/ml) (Sigma) at 37°C with 5% CO2. Cells were cultured for 24 h before any experiments. Basal 5-HT concentrations in the cell medium of untreated cells were 3-4 ng/ml. In initial experiments, real-time PCR was undertaken to confirm ADORA expression. Cells were then incubated with NECA, SCH442416, or MRS1754 (10 Ϫ11 -10 Ϫ4 M) for 60 min to determine effects on basal-line (nonmechanically stimulated) 5-HT release and cAMP activation.
Flexercell strain experiments. Normal and IBD-EC cells or KRI-I cells were plated on collagen-coated, flexible-bottomed wells (Flex I plates; Flexercell International, Hillsborough, NC). Normal and IBD-EC cells were cultured for 8 h before experiments, whereas KRJ-1cells were precultured for 24 h. Cells were subjected to cycles of stretch and relaxation by a computer-driven, vacuum-operated Flexercell strain unit FX-4000 (Flexercell International). Rhythmic deformation was applied at a frequency of 10 cycles/min, with 10% average radial elongation of cells, for 0 -6 h as previously described (3). In some experiments, KRJ-1 cells were exposed to rhythmic deformation with or without preincubation with ADORA receptor modulating compounds (NECA, 1 ϫ 10 Ϫ5 M; SCH442416, 1 ϫ 10
Ϫ6
M; MRS1754, 1 ϫ 10 Ϫ7 M; controls, Ham's F12 medium alone). PKA/cAMP signaling pathway analysis. Cultured cells were stimulated with NECA (1 ϫ 10 Ϫ5 M) or mechanically stressed (Flexercell) for 1 h. In some studies, ADORA antagonists were used. PKA activity and cAMP were quantified using SuperArray ELISA kits (SA Biosciences) as previously described (27) .
Real-time PCR. RNA from either nonstressed or mechanically stressed (Flexercell) cells was extracted using TRIZOL (Invitrogen), cleaned (Qiagen, RNeasy kit), and converted to cDNA using the high-capacity cDNA archive kit (Applied Biosystems) (26, 27) . Realtime PCR was performed using the ABI 7900 sequence detection system. Real-time PCR analyses were performed in triplicate using assays-on-demand primers as described (29) . Amplification of each gene (ADORA1, 2A, 2B, 3, Tph1, VMAT1) was normalized to the three reference genes (ALG9, TFCP2, and ZNF410) using a geNorm protocol as described (33) .
5-HT ELISA assays. 5-HT release was measured using a commercially available 5-HT ELISA assay (BA 10 -0900; Rocky Mountain Diagnostics, Colorado Springs, CO). The range for this assay is 15-2,500 pg/ml and has previously been used successfully by our group to measure 5-HT release in EC cell culture (29, 38) .
Protein extraction and Western blot analysis. Whole cell lysates were prepared using ice-cold lysis buffer [ϫ10 RIPA lysis buffer (Millipore) complete protease inhibitor (Roche), phosphatase inhibitor set 1 and 2 (Calbiochem), 100 mM PMSF (Roche), 200 mM Na3VO4 (Acros Organics), 12.5 g/ml SDS (American Bioanalytical)], and the protein amount of the supernatant was quantified using the BCA protein assay kit (Thermo Fisher Scientific). After denaturation (SDS sample buffer), total protein lysates (20 g) were separated on an SDS-PAGE gel (10%), transferred to PVDF membranes (Bio-Rad, Hercules, CA; pore size 0.45 mm) and incubated with primary antibodies (Cell Signaling Technology, Danvers, MA) overnight at 4°C. A horseradish peroxidase-conjugated secondary antibody (Cell Signaling Technology) followed by immunodetection using the Supersignal West Pico Luminol/Enhancer solution (Thermo Scientific) was undertaken (32) . In these studies, pCREB(Ser133) (9191; Cell Signaling), TPH1 (110-57629; BD Biosciences), pTPH-1 (30574; Abcam), and VMAT1 (58170; Abcam) were measured. The optical density of the appropriately sized bands was quantified using ImageJ software (NIH), and protein expression was normalized to ␤-actin (Sigma-Aldrich).
Statistics. Results (n ϭ 4 -6/experiment) were expressed as means Ϯ SE. All statistical analyses were performed using Prism 4 (GraphPad Software, San Diego, CA). When indicated, dose-response curves were calculated, and the EC 50 or IC50 was determined. Results were compared between control and stimulated cells using the MannWhitney test. Differences between mRNA transcript and protein levels were analyzed using the two-way nonparametric test (KruskalWallis). A P value of Ͻ0.05 was considered significant.
RESULTS
ADORA profile. Real-time PCR identified that the normal EC cell expressed transcripts for both the inhibitory ADORAs (ADORA1/3) as well as the excitatory ADORA2A/2B (Fig. 1A) . IBD-EC cells as well as KRJ-I cells also expressed this receptor profile; however, expression of the 2A and 2B receptors was significantly elevated (P Ͻ 0.05) in these samples compared with ADORA1/3, suggesting a selective overexpression of stimulatory receptors in these conditions. ADORA2B transcripts were also identified to be significantly elevated in IBD-EC and KRJ-I cells compared with normal EC cells. Analysis of protein expression confirmed overexpression (approximately twofold) of ADORA2B in IBD-EC cells and KRJ-I (Fig. 1B) . ADORA2A was not overexpressed at a protein level (data not shown). These results suggest EC cells may respond to adenosine-mediated ADORA activation, and the response may be amplified in disease conditions.
Effect of adenosine and ADORA2B antagonists on EC cell cAMP signaling and 5-HT secretion under nonstrained conditions. A concentration-dependent stimulatory effect of NECA (EC 50 ϭ 1.8 ϫ 10 Ϫ6 M) was noted for 5-HT secretion in nonstrained EC cells (Fig. 2A) . In contrast, MRS1754 inhibited basal 5-HT secretion in a concentration-dependent manner (IC 50 ϭ 3.7 ϫ 10 Ϫ8 M) (Fig. 2C) , comparable to results previously obtained in HEK-293 cells stably transfected with plasmids encoding the human A2B receptor (21) . No effects were noted when SCH442416 was used. The secretory effects were associated with concentration-dependent alterations in cAMP (NECA: EC 50 ϭ 3.3 ϫ 10 Ϫ6 M; MRS: IC 50 ϭ 2.2 ϫ 10 Ϫ7 M) (Fig. 2, B and D) , suggesting that 5-HT secretion is principally mediated via ADORA2B activation and cAMP signaling in this cell line.
Flexercel strain (mechanically stressed) model and ADORA2B. Short-term cultured KRJ-I cells were subjected to rhythmic deformation at 10 cycles/min with an average strain of 10%, and secretion of 5-HT, as well as transcription of the ratelimiting step in synthesis of this amine-tryptophan hydroxylase 1 (Tph1), were measured after 2, 4, and 6 h. An increase in 5-HT (Ͼ1.5-fold vs. controls; P Ͻ 0.05) was observed after 2 h of mechanical stress (Fig. 3A) ; the greatest increase was observed after 4 h of strain, and amine release corresponded to increased transcription of Tph1 (Fig. 3C) . In parallel studies, cells were pre-incubated with either NECA (10 Ϫ5 M) or MRS1754 (10 Ϫ7 M) for 15 min and then flexed for 4 h. This time point was sampled for both secretion and transcription because peak secretion of secretory products as well as elevated transcription was observed after 4 h of flex. NECA stimulated (P Ͻ 0.05) secretion of 5-HT compared with release from flex-strained control cells, whereas MRS1754 inhibited (P Ͻ 0.05) the release of these products (Fig. 3B) . Both MRS1754 and NECA had analogous effects on the transcription of Tph1 (Fig. 3D) . We also examined activation of TPH1 and VMAT 1 by Western blot. TPH1 is activated following phosphorylation by MAPK (31, 38), whereas VMAT 1 regulates 5-HT uptake into secretory vesicles (13), both critical features of 5-HT synthesis and secretion. One-hour flex was associated with increased pTPH1, approximately twofold compared with nonstressed cells (Fig. 3E) . Addition of NECA significantly increased TPH1 phosphorylation (approximately sevenfold), whereas MRS1754 reduced levels similar to control (1.8-fold). Examination of the ratio of pTHP1:TPH1 identified this also to be increased in the model, identifying enzyme activation as a function of flex. VMAT 1 was altered by a combination of flex and NECA (1.4-fold), and increased levels were reduced by MRS1754 to values less than control (0.7-fold). Examination of CREB activation, a transcription factor that regulates Tph1 expression (16, 48) and a known target of PKA/cAMP signaling (11, 20) (Fig. 3E) was then undertaken to evaluate whether this was one of the factors involved in mechanical stress-mediated signal transduction. Like TPH1 activation, 1-h flex was associated with increased pCREB approximately twofold compared with nonstressed cells. Addition of NECA did not significantly increase CREB phosphorylation, but MRS1754 reduced levels to control (0.9-fold). These results indicate that the flex-induced transcriptional alterations and 5-HT synthesis/secretion occurred via PKA/ pCREB and ADORA2B-dependent mechanisms.
Signaling pathways in the flexercel strain (mechanically stressed) model. Having determined that ADORA2B receptor activation stimulated 5-HT secretion, Tph1 transcription, and activation of TPH1, VMAT 1 , and CREB, we next evaluated whether other canonical signaling pathways were involved in these phenomena. The effects of PKA, MEK1, and PI3K inhibition were therefore examined in flexed and nonflexed (control) cells. In nonflexed cells, PD98059 (MEK1 inhibitor) inhibited 5-HT secretion, compared with untreated cells, whereas H-89 and wortmannin inhibited Tph1 and VMAT 1 transcription (Fig. 4, A and C) , suggesting that MAPK regulates normal secretion and PKA and PKB, Tph1, and VMAT 1 transcription. In flexed cells, in contrast, H-89 inhibited 5-HT secretion, whereas all three inhibitors (H-89, PD98059, and wortmannin) significantly decreased both Tph1 and VMAT 1 transcription (Fig. 4, C and D) . We interpret these results to reflect that rythmic stress activates 5-HT release principally through PKA (and cAMP signaling pathways), whereas Tph1 and VMAT 1 transcription is regulated through all three pathways (PKA, PKB, and MAPK). Evidence of pCREB (Figs. 2  and 3 ) support a role for PKA/cAMP signaling in this process.
5-HT secretion and ADORA2B signaling in normal and IBD-EC cells.
After establishing a flex-based mechanical stress model in KRJ-I and having identified the principal roles for adenosine via ADORA2B in the neoplastic cell, we next examined the effects of adenosine and strain on PKA/cAMP signaling and 5-HT secretion in short-term cultured normal and Crohn's EC cells. Our results (Fig. 5) demonstrate that activation of ADORA2B for 120 min by mechanical strain significantly stimulated both cAMP and PKA levels in Crohn's EC cells and normal EC cells. These effects were specific, could be reversed by MRS1754 but not by SCH442416 (an ADORA2A receptor antagonist), and were elevated in the IBD-EC cell studies. These effects were modeled using NECA (1 ϫ 10 Ϫ5 M), demonstrating that the strain-mediated effects occurred via an adenosine-mediated response. Alterations in PKA and cAMP were associated with 5-HT release in isolated normal EC cells, 5-HT was secreted 1.5-to 2.3-fold more (P Ͻ 0.04) with NECA and flex, respectively, vs. nonstrained cells. This could be reversed by MRS1754 but not by SCH442416, confirming this as a 2B response. Crohn's EC cells responded Ϫ5 M), which was reversed by preincubation with 2=,5=-dideoxyadenosine (2=,5=-dd-Ado 10 Ϫ5 M; C). The A2B receptor antagonist MRS1754, in contrast, inhibited 5-HT secretion with a maximal 33% decrease at 1 ϫ 10 Ϫ6 M (B) and inhibited cAMP production (maximal effect at 10 Ϫ6 M) (D). The A2A antagonist, SCH442416, had no effect. Values are means Ϯ SE; n ϭ 4. *Significant difference vs. control (P Ͻ 0.05).
in an analogous fashion, both to flex and NECA, as well as to the ADORA2 antagonists.
DISCUSSION
It has long been suggested that EC cell secretion is activated by mechanical stimulation (6) . The lack of pure EC cell preparations and appropriate EC cell lines, however, has hindered specific mechanistic studies of receptor activation, intracellular pathways, transcription, and secretion from these cells. In the present study, using normal human EC cells, cells isolated from Crohn's disease and the KRJ-I cell line, which we have previously demonstrated to represent an appropriate model to study EC cell function (22, 31, 45) , we demonstrated that rhythmic Flexercell-mediated deformation resulted in physiological 5-HT synthesis and release via adenosine activation of ADORA2B receptors and PKA/cAMP/pCREB signaling.
Adenosine receptors are expressed in normal (7) and inflamed mucosa (2, 14, 43) and are present in EC cell-derived neuroendocrine tumors (22, 25) . We have recently identified that KRJ-I cells express all four ADORAs (by RT-PCR and sequencing); however, the predominant receptors on KRJ-I (identified using selective agonists and antagonists) are stimulatory ADORA2 (22, 25) . In the present study, we identified that isolated IBD-EC cells, like normal EC cell and KRJ-I cells, also exhibit transcripts for inhibitory and stimulatory ADORA receptors and confirm that ADORA2B is elevated in expression and is coupled to PKA/cAMP signaling. Functionally, activation of ADORA with NECA resulted in cAMP production (EC 50 ϳ0.5 ϫ 10 Ϫ5 M), which could be inhibited by MRS1754 (IC 50 ϳ1 ϫ 10 Ϫ7 M). This is similar to an earlier study in a Chinese hamster ovary cell line stably transfected with human adenosine A2B receptor cDNA that exhibited an EC 50 value of between 1 and 3.1 M for the production of cAMP (9) . Although it is acknowledged that pharmacologically based observations are limited by the efficacy of the agents studied, our results with agents that have efficacies at pathophysiologically relevant doses (1-10 nM) (44) indicate that stimulatory ADORA2B receptors may play a role in regulating adenosine-mediated signals in EC cells.
In preliminary studies (25) , our laboratory examined the utility of rotational strain as a model for mechanical stimulation. Some groups have studied rotational strain and concluded that mechanically induced release, using rotational forces of Ͼ250 rpm, of endogenous adenosine mediated 5-HT secretion from BON cells (7, 34) . The effect appeared biphasic; low concentrations of adenosine are considered to modulate basal 5-HT release via inhibitory A1/A3 receptors coupled to G␣q/ PLC/IP 3 -Ca 2ϩ , whereas stimulation with higher concentrations of adenosine activates 5-HT secretion by binding to A2A/A2B receptor-AC/cAMP-coupled pathways (7, 34) . In our hands, a rotational model (using 130 rpm) markedly decreased cell viability, induced a burst of 5-HT release that was not sustained beyond 1 h of rotation, was unaltered by ADORA agonists and antagonists, and most likely was due to a direct leakage through damaged membranes or through lysis of nonviable cells. In contrast, we used a repetitive deformation model (10 cycles/min, with an average strain of 10%) that is considered to be within physiological ranges during gut peristalsis (3). This method has also been used with success to measure 5-HT secretion from pulmonary neuroendocrine cells (PNEC) (30) and the neuroendocrine tumor lung cell line NCI-H727 (40) . Using this model, we identified that rhythmic flex strain did not significantly alter LDH release but was associated with time-dependent increases in 5-HT release as well as transcription of Tph1. In general, the peak increase in transcription was observed 1-2 h after peak secretion of the corresponding compound. Flex was associated with CREB phosphorylation, a key transducer of PKA/cAMP signaling and a known regulator of transcription of both Tph1 (16, 48) and VMAT 1 (10) .
There are a variety of levels of evidence that support a central role for ADORA2B receptor activation in normal and disease-associated EC cell 5-HT synthesis and secretion. The stimulatory effect of the general ADORA agonist, NECA, and inhibitory effect by the specific ADORA2B antagonist MRS1754 on secretion in Crohn's EC cells and KRJ-I indicate that the mechanical activation of 5-HT release is directly mediated by surface-expressed ADORA2B receptors. It should be noted that the inability of MRS1754 to completely inhibit the flex-induced secretion of 5-HT indicates that A2B receptor activation may not be the sole pathway involved. Tph1 and VMAT 1 transcription were, however, completely inhibited by MRS1754, suggesting that regulation of the EC cell secretory transcriptome was regulated preferentially through ADORA2B/ pCREB signaling. We postulate, given the transcriptome, sequencing, and ADORA agonist/antagonist data (22, 30) , that other purinergic regulatory pathways, e.g., via activation of excitatory P2Y 1 receptors, of a G␣s-coupled receptor other than ADORA or of a non-G-protein-coupled purinergic receptor (34) may provide additional potential regulatory mechanisms.
An examination of the signaling pathways linking mechanically mediated ADORA2 activation to cell function identified that only the PKA inhibitor affected 5-HT secretion, whereas PKA, MAPK, and PI 3 K inhibitors all reduced transcription of Tph1 and VMAT 1 . In an attempt to limit any off-target mechanistic inhibition, e.g., wortmannin at high concentrations (500 nM) can also inhibit MAPK (12), we used appropriate doses (1 nM) in our experiments to pharmacologically define signaling responses. In the past, we have identified that the cAMP antagonist, 2=5=-dideoxyadenosine, inhibited GPCR-stimulated 5-HT secretion, suggesting that 5-HT secretion is a cAMP/ PKA-mediated process (27) . We postulate that mechanically stimulated EC cell secretion is principally mediated by cAMP signaling pathways and that this may be amplified by inflammation or disease. In contrast, Tph1 transcript, which exhibits cAMP-responsive elements in its promoter sequence (5), appears also to respond to PKB and MAPK activation. The latter is consistent with the role of the ERK pathway in activating both Tph1 synthesis (27) as well as phosphorylation (and thereby activation) of the enzyme (31, 38) . VMAT 1 transcription is similarly affected by pathway perturbations, whereas expression of the functional protein itself is decreased by MRS1754. In addition, due to the significant amount of cross talk between the cAMP/cAMP-dependent protein kinase (PKA) and MAPK pathways (17) , it is possible that increased adenylyl cyclase activity also stimulates activation of the MAPK pathway through increased phosphorylation of ERK1/2 and thereby increases 5-HT synthesis and secretion, with the caveat that interpretation of pharmacologically based experiments may be complicated by the intensive cross talk and redundancy of signals in any transduction network (46) .
In conclusion, rhythmic mechanical strain that mimics normal bowel movements induces EC cell secretion and transcription of EC cell secretory products, responses that are accentuated by inflammation or neoplasia. Under normal conditions, EC cells appear to function as sensors of mechanical stimulation. Stimulation of A2B receptors activates the PKA, PI 3 K, and MAPK signaling pathways, leading to Tph1 transcription, whereas the PKA/cAMP pathway subsequently regulates 5-HT secretion. These effects are amplified in EC cells isolated from inflamed mucosa. Delineating the signaling pathways by which mechanical forces and adenosine mediate EC cell function may facilitate the understanding of both normal and abnormal EC cell function and thus reveal new therapeutic targets for neuroendocrine cells in intestinal diseases. The increased expression of ADORA2B, in particular, indicates this may be a potential target, particularly as blockade (36) or gene knockout (37) is associated with attenuated colitis in murine models.
